Introduction {#sec1}
============

To build up its architectures, nature uses well-defined structures as building blocks, such as α-helices and β-sheets, which are the principal structural components of proteins and of the double helix of DNA. These stable, robust architectural motifs are responsible for the tertiary structure and mechanical strength and thus play a crucial role in the function of all biological systems. The stability of such structural elements is particularly important for hyperthermophilic organisms that need to survive demanding thermal conditions.^[@ref1]−[@ref3]^ Understanding and enhancing the thermal stability of proteins is not only academically interesting but also important for industrial applications.^[@ref4],[@ref5]^ Great example are *Taq* DNA polymerase, derived from *Thermus aquaticus*, that is the commonly used enzyme in polymerase chain reaction (PCR) and DNA sequencing by virtue of its high thermal stability^[@ref6]^ and the thermally stable cytoskeleton in thermophilic archaea.^[@ref7]^ As a consequence, many studies have focused on the adaptation of thermophilic proteins to high temperatures. Both experimental and computational works have demonstrated that the proteins in a thermophilic cell take advantage of greater hydrophobic interactions, increased helical content, decreased occurrence of thermolabile residues, stable hydrogen bonds, salt bridge formation, better atom packing, and optimizing of the surface charges to deal with the extra heat in their environments.^[@ref8]−[@ref11]^

The architecture of biopolymers is attractive to mimic with synthetic polymers due to their high degree of function and their potential applications in the fields of material and supramolecular sciences.^[@ref12],[@ref13]^ Among many artificial polymers, polyisocyanopeptides (PICs) are particularly interesting because of their stable helical backbones with a high helix inversion barrier.^[@ref14]−[@ref18]^ They adopt an ∼4~1~ (four repeats per turn) β-helical conformation stabilized by a β-sheet-like peptidic hydrogen bond network along the polymer backbone between monomers *n* and *n* + 4.^[@ref19],[@ref20]^ Moreover, this helical structure plays a vital role in the high stiffness of the polymer.^[@ref21]^ In earlier work, we showed that gels made of polyisocyanodipeptides grafted with ethylene glycol side chains mimic biological gels^[@ref22],[@ref23]^ and more complex cytoskeletal composites^[@ref24]^ in nearly all aspects. The ultrasensitive mechanical responses that these gels demonstrate originate from the network architecture of semiflexible bundles that is formed when a polymer solution is heated into the mesophilic region (37 °C).^[@ref23],[@ref25]^ Furthermore, these gels decorated with GRGDS peptides can serve as a 3D matrix to manipulate the differentiation of stem cells.^[@ref26]^ To the best of our knowledge, however, very few examples of synthetic biomimetic polymers with high thermal stability have been reported. In this work, we use a truly synthetic polymer based on the helical PIC backbone and mimic thermophilic proteins using biological approaches. This model system will aid in understanding and developing the underlying design principles of thermally stable aqueous biomimetic materials or even thermophilic proteins.

The exceptional stability of oligo(ethylene glycol)-decorated polyisocyanotripeptides (TriPIC, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) is based on three adjacent alanine groups. The rigid, helical backbone of TriPIC is stabilized by two parallel well-defined hydrogen-bonding arrays between the two amide groups, which run parallel to the polyisocyanide backbone. The amide regions are partially inaccessible to water, and consequently, a hydrophobic core is constructed around the polymer backbone. On heating, the first hydrogen bond (A, NOT H~2~O accessible) keeps stable which mainly holds the helical architecture, whereas the second one (B) is stretched, endowing the polymer with a better defined helix and stiffer backbone. Beyond a gelation temperature, single polymers assemble and bundle into a network, driven by the hydrophobic interactions of the glycol tails, which induces an unusual thermal stability of the gels, which are stable for many hours at 80 °C.

![(a) Molecular structure of the tri(ethylene glycol)-functionalized polyisocyanotripeptides (TriPIC). (b) Schematic representation of the key groups that stabilize the structure against thermal agitation.](ma-2017-01832c_0007){#fig1}

Results and Discussion {#sec2}
======================

Polymer Synthesis and Characterization {#sec2-1}
--------------------------------------

The synthesis of the oligo(ethylene glycol)-functionalized polyisocyanotripeptide (TriPIC) pursues a standard peptide coupling strategy, followed by subsequent dehydration and polymerization reactions^[@ref27]^ ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). A detailed description of the synthesis and characterization (^1^H and ^13^C NMR, MS, HRMS) of the intermediate and final products is given in the Experimental Section and the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01832/suppl_file/ma7b01832_si_001.pdf) (Figures S1--S6). The isocyanide monomers were polymerized through nickel(II)-catalyzed polymerization using ethanol as the initiator in freshly distilled chloroform. In the formation of the helix, both hydrogen bonding and steric interactions (from the methyl of the alanine group) play crucial roles.^[@ref28]^ In our hands, polymers with different amino acids such as glycine or valine either did not polymerize or were unable to from self-supporting hydrogels. Here, we use the TriPIC with alanines in the [l,d,l]{.smallcaps}-configuration. In fact, we were unable to even polymerize the equivalent diastereomeric [d,d,l]{.smallcaps}-isocyanotripeptide monomer, most likely due to unfavorable steric interactions. The polymer length was regulated by adjusting the molar ratio between the catalyst and the monomer. In this way, a series of polymers with different lengths (TriPIC-a-g) were obtained. The molecular weights (*M*~v~) were estimated by viscometry based on the Mark--Houwink equation,^[@ref29]^ and the apparent polymer contour length (*L*) was calculated from the measured *M*~v~.^[@ref30]^ In addition, polymers prepared at higher monomer-to-catalyst ratio were much longer than the ones at lower ratios, as was clearly observed by atomic force microscopy (AFM, [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01832/suppl_file/ma7b01832_si_001.pdf)). The results are consistent with the molecular weights (*M*~v~) and the used starting conditions.

![(a) Synthetic Route to TriPIC Polymers\
Reagents and conditions: (i) HCl, EtOAc, room temperature, 2 h; (ii) [l]{.smallcaps}-HO-Ala-Boc, EDC·HCl, HOBt, DiPEA, room temperature, 16 h, yield = 65% for two steps; (iii) HCl, EtOAc, room temperature, 2 h; (iv) HCO~2~Na/HCO~2~Et, reflux, 16 h, yield = 68% for two steps; (v) diphosgene, *N*-methylmorpholine, CH~2~Cl~2~, −40 °C, 1 h, yield = 80%; (vi) Ni(ClO~4~)~2~·6H~2~O, EtOH/CHCl~3~, room temperature, 2--7 days, yield = 85%. \[M\]/\[cat.\] = monomer-to-catalyst ratio, *M*~v~ = viscosity-derived molecular weight; degree of polymerization *n* and the polymer contour length *L* are calculated based on *M*~v~.](ma-2017-01832c_0005){#sch1}

Single Polymer Chain Stability {#sec2-2}
------------------------------

The helical backbone conformation is stabilized by hydrogen-bonding arrays, and as such, water will have a large impact on the stability and the rigidity of the helix. We used H/D exchange experiments in conjunction with FTIR and ATR spectroscopy to study the solvent accessibility of the polymer core. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a shows the FTIR spectrum of TriPIC-b, together with that of its monomer, both recorded in D~2~O solution. The absorption band at 1735 cm^--1^ (light blue) is due to the ester C=O stretching vibration, and the band at 1645 cm^--1^ (purple) corresponds to the amide I modes of the two amide groups. This band shows a strong narrowing upon polymerization. The area under the band stays constant. In the monomer, the amide groups form hydrogen bonds with water with a large variation in hydrogen-bond strength, leading to a broad absorption band. Upon polymerization, the amide A groups form intrachain hydrogen bonds, which have a much smaller distribution in hydrogen-bond strength, thus leading to a much narrower absorption band. The shoulder at 1620 cm^--1^ (which is observed for the polymer only) is attributed to the C=N stretch vibration. Interestingly, we also observe a strong amide II (mainly NH-bending character) absorption band at 1523 cm^--1^ for the polymer, and this band is completely absent in the monomer spectrum. This band points to the presence of protonated NH groups in the polymer. These NH groups are apparently extremely well shielded from the solvent because they show no sign of H/D exchange even after storing the polymer in D~2~O for several weeks. In order to test whether *all* NH groups in the polymer are inaccessible to the solvent, we exchanged the D~2~O solvent for a 50/50 mixture of H~2~O/D~2~O and recorded ATR spectra ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). The amide II band (1523 cm^--1^) increases in intensity when H~2~O is added to the solvent while a second band at 1440 cm^--1^ (due to the amide II′ absorption of deuterated amide groups) decreases in intensity. This indicates that the polymer contains not only solvent-inaccessible NH groups but also solvent-accessible NH groups. Interestingly, the ATR spectra also show two well-resolved bands in the amide I region (at 1645 and 1671 cm^--1^). The band at 1671 cm^--1^ blue-shifts a few cm^--1^ when H~2~O is added to the solvent whereas the band at 1645 cm^--1^ is unaffected. This leads us to conclude that the two absorption bands correspond to the two types of amide groups (A and B): apparently, the amide groups closest to the helical backbone (A) absorb at 1645 cm^--1^ and are solvent inaccessible, whereas the amide groups further away from the central helix (B) and close to the poly(ethylene glycol) chain, absorb at 1671 cm^--1^ (in D~2~O), and are accessible to the solvent.

![(a) FTIR spectra of polymer TriPIC-b (blue line) and the corresponding monomer (red line) between 1300 and 1800 cm^--1^ in D~2~O at room temperature; *c* = 17.0 g L^--1^. (b) ATR spectra of polymer TriPIC-b in D~2~O (red line) and in 50/50 D~2~O/H~2~O (blue line) at room temperature. The different color coded absorptions are discussed in the main text.](ma-2017-01832c_0001){#fig2}

Hydrogel Formation {#sec2-3}
------------------

Equivalent to the corresponding dipeptide polyisocyanides,^[@ref22]^ the TriPIC polymers display a lower critical solution temperature (LCST). Heating beyond the LCST causes the oligo(ethylene glycol) tails to dehydrate, which induce bundle formation of the polymers and the formation of hydrogels. The gelation temperature *T*~gel~ coincides with the LCST of the aqueous polymer solution.

We studied the thermal responsiveness and stability of TriPIC hydrogels using rheological analysis ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). When an aqueous TriPIC-f solution is heated in a rheometer, the storage modulus *G′*, defined as the ratio between the applied stress σ and the measured strain γ, increases as a network is formed ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a), even at concentration as low as *c* = 0.1 g L^--1^ (about 0.01 wt %). The gel stiffness is retained when the hydrogel is kept for more than 10 h at elevated temperatures *T* = 80 °C, which demonstrates a remarkable thermal stability. At elevated temperatures, both the storage **G*′* and the loss modulus *G*″ are independent of frequency ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01832/suppl_file/ma7b01832_si_001.pdf)). We find that gelation is fully reversible ([Figure S9a](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01832/suppl_file/ma7b01832_si_001.pdf)); cooling the sample results in a low viscous solution with minimal thermal hysteresis. Repeated heating and cooling cycles have virtually no effect on the mechanical properties of the TriPIC hydrogels ([Figure S9b](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01832/suppl_file/ma7b01832_si_001.pdf)).

![Linear and nonlinear rheological analyses of TriPIC hydrogels: (a) Time sweep of TriPIC-f (*c* = 2.0 g L^--1^), first heating to 80 °C, then conditioning at 80 °C for 10 h. (b) Storage modulus *G*′ as a function of temperature for TriPIC-f at different concentrations between *c* = 0.1--4 g L^--1^. (c) Differential modulus *K*′ = ∂σ/∂γ against stress σ for TriPIC-f gels at 60 °C for different polymer concentrations. (d) Storage modulus *G*′ as a function of temperature ramps of TriPIC-f hydrogels (2 g L^--1^) for different NaCl concentrations.](ma-2017-01832c_0002){#fig3}

The gelation temperature, *T*~gel~, as defined as the onset point of the increase in the *G*′ as a function of the temperature, was found to be 50 °C for TriPIC-f, which is identical to those of the gels made of polymers with different molecular weights TriPICa-g ([Figure S10a](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01832/suppl_file/ma7b01832_si_001.pdf)) and also those of the gels prepared at different polymer concentrations ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). The shear modulus in the gel phase, however, increases sharply with both the concentration *c* and the polymer contour length *L*. Over the measured concentration regime *c* = 0.1--4.0 g L^--1^, the storage modulus scales as *G*′ ∝ *c*^2^, which is in line with experimental and theoretical results of the semiflexible networks.^[@ref31],[@ref32]^ For such networks it is expected that at high stresses, i.e., beyond a critical stress level σ~c~, the hydrogel becomes stiffer. Many biological networks, such as actin, collagen, and fibrin, display this so-called strain-stiffening behavior, which plays a key role in tissue protection and cell--cell communication and may influence other cellular functions. The nonlinear regime is readily probed by a prestress protocol,^[@ref33]^ where the rheometer applies a constant stress to the sample and on top of that a small oscillatory stress, yielding the differential modulus defined as *K′* = ∂σ/∂γ.^[@ref22],[@ref34]^ At small deformations, *K*′ = *G*′, but beyond a critical stress σ~c~, the differential modulus scales to the applied stress *K*′∝ σ^*m*^, where *m* is the stiffening index that indicates the mechanical responsiveness of the hydrogel.

Indeed, TriPIC hydrogels of different polymer length ([Figure S10b](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01832/suppl_file/ma7b01832_si_001.pdf)) and at different concentrations ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c) clearly show strain-stiffening. At the highest concentrations (or contour length), the plateau in *K*′ is followed by a nonlinear regime with *m* ≈ 1, a value similar to what is experimentally found for collagen but lower than the theoretical limit *m* = 3/2, which was found for the dipeptide PIC gels.^[@ref23]^ At lower concentrations, the critical stress is so low that even below σ \< 1 Pa the network already responds nonlinearly and the gel becomes progressively stiffer. In these samples, the critical stress, i.e., the threshold for the nonlinear regime, is comparable to that of biological hydrogels and are of the order to what cells can apply to their extracellular environments.

A third approach to manipulate the mechanical properties of TriPIC hydrogels is the use of salts. Commonly, the addition of salts has a significant influence on the LCST of thermoresponsive polymers and proteins, an effect known as the Hofmeister effect.^[@ref35],[@ref36]^ In the case of TriPIC gels ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d), *T*~gel~ decreases (linearly) with increasing the NaCl concentration, and as a result, the mechanical parameters (*K*′ and σ~c~) in the linear and the nonlinear regime can be readily tuned by adding the salts ([Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01832/suppl_file/ma7b01832_si_001.pdf)). The nature of the salt determines the amplitude of the Hofmeister effect and of the effect on the gel mechanics.^[@ref37]^

Architectural Analysis {#sec2-4}
----------------------

The biomimetic mechanical properties of TriPIC hydrogels are the direct result of their fibrillar or bundle architecture. Bundle formation is a design criterion in both of mesophilic and thermophilic biological hydrogel networks, which intrinsically gives rise to gels at low concentrations, with large pore sizes and with strong mechanical repsonses.^[@ref38],[@ref39]^ We studied the gel architecture *in situ* by using cryo-scanning electron microscopy (cryo-SEM) and small-angle X-ray scattering (SAXS). Cryo-SEM images ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a,b) show a homogeneous and branched network of polymer bundles with pore sizes of the order of 100 nm at *c* = 4.0 g L^--1^. Quantification of the bundle diameter is not easy from the SEM images but can be derived from the SAXS patterns. We recorded scattering of the TriPIC-f (4 g L^--1^) as a function of temperature ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c): at low *T* molecularly dissolved and beyond the LCST (50 °C) in the gel phase, where the scattering curves start to deviate. Fitting the scattering data with appropriate models allows us to extract the architectural information on the network. In solution (at *T* \< *T*~gel~), we fitted the data to the semiflexible polymer model of Kholodenko ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d, red solid line), yielding a polymer diameter *R* = 1.0 nm and a persistent length *l*~p~ = 48 nm. The contour length fixed at 160 nm is outside the experimental window. Upon heating the sample to 70 °C, however, the curve of the scattering profile changes because of bundle formation and is fitted excellently by a composite Kholodenko/Ornstein--Zernike (KOZ) model (pink solid line),^[@ref25]^ with a bundle radius *R*~B~ = 2.96 nm. The persistence length of the polymer bundles *L*~p,B~ is now outside the experimental window and is fixed on 800 nm. The Ornstein--Zernike term yields a correlation length ξ~OZ~ = 110 nm that corresponds to the average pore size of the network. The results agree markedly well to the cryo-SEM images.

![Lower (a) and higher magnification (b) cryo-SEM images of TriPIC (TriPIC-f, *c* = 4.0 g L^--1^) hydrogels. The accelerating voltage was 3.0 kV. (c) SAXS curves measured at different temperature for a TriPIC-f hydrogel with *c* = 4.0 g L^--1^. (d) SAXS curves for a 4.0 g L^--1^ TriPIC-f sample in the liquid state at low temperature (5 °C) and in the gel state at high temperature (70 °C). The solid lines represent the best fit to the Kholodenko model for the low-temperature data and the best fit to the composite model with a Kholodenko term and an Ornstein--Zernike term for the high-temperature data.](ma-2017-01832c_0003){#fig4}

Bundling is crucial in the formation of semiflexible networks and their unique properties but is still poorly understood experimentally. To obtain deep insights into the mechanism of the bundling of TriPIC polymers, we carried out temperature-dependent FTIR experiments ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a) and specifically followed the vibrations of the two hydrogen-bond-forming amide groups. Note that the hydrogen bonds formed by the amide closest to the isocyanide backbone (amide A) is thought to maintain the helical architecture of the polymer,^[@ref28]^ while the hydrogen bonds of the second amide group (amide B) further stabilizes and stiffens the TriPIC polymer backbone. This is consistent with the present results regarding the different solvent accessibilities of these two amide groups. The intensities of the C=O stretch vibrations of both amides and the ester ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a) change with temperatures, which indicates that the local chemical environment of these groups changes as a function of temperature.

![(a) FTIR spectra of the TriPIC-b in D~2~O (*c* = 17.0 g L^--1^) as a function of temperature. The amide I and ester regions of the spectra were fitted with six Gaussian-curves centered at 1622, 1646, 1661, 1674, 1734, and 1739 cm^--1^. Inset: the amplitude changes of amide and ester groups with temperature at 1646, 1661, 1674, 1734, and 1739 cm^--1^. At *T*~gel~ (dashed line), most of the intensities show an infliction point. (b) CD spectra of TriPIC-b as a function of temperature. (c) Evaluation of the CD signal at λ = 315 nm of TriPIC-b with temperature. The CD measurements were performed in H~2~O (*c* = 0.5 g L^--1^).](ma-2017-01832c_0004){#fig5}

To analyze the data more quantitatively, the spectra were deconvoluted by globally fitting six Gaussian peaks with peak centers at 1622, 1646, 1661, 1674, 1734, and 1739 cm^--1^ ([Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01832/suppl_file/ma7b01832_si_001.pdf) shows additional information). We fitted the amide I,A band with one Gaussian and the amide I,B band and the ester vibrational band each with two Gaussians as this allows us to model the blue-shift and broadening of the bands with increasing temperature. The areas of the Gaussians are shown in the inset. We observe that there is an inflection point at *T*~gel~ = 50 °C, above which the intensity variation of the bands becomes stronger. Interestingly, the ester C=O and the amide I,B vibrational bands show a blue-shift with increasing temperature while the center position of the amide I,A band is independent of temperature. The ester C=O groups and part of the amide I,B groups are hydrogen-bonded to their aqueous solvation shell, and these hydrogen-bonds become weaker with increasing temperature, leading to the observed blue-shift and peak broadening of the amide I,B and ester bands. The amide A hydrogen-bond strength does not change: these groups are already so tightly bound and shielded from the solvent that polymer bundling does not alter their already highly ordered conformation. We note that the spectral changes with temperature of the aqueous TriPIC polymer solution or gel are fully reversible: on cooling the original spectrum is obtained again ([Figure S13](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01832/suppl_file/ma7b01832_si_001.pdf)). As a control, we do not observe any spectral changes when heating a solution of the monomer ([Figure S14](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01832/suppl_file/ma7b01832_si_001.pdf)).

The transition to the gel phase is also readily identified using UV--vis spectroscopy ([Figure S15](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01832/suppl_file/ma7b01832_si_001.pdf)) and circular dichroism (CD) spectroscopy ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b,c). Heating the solution shows a clear step in the ellipticity Δε at λ = 315 nm, right at the transition temperature *T*~gel~ = 50 °C, which implies an increased helical content and a better-defined helical architecture are formed as a result of the stretching of the hydrogen bonds and increasingly stiffer backbones on heating. This is also supported by the observed changes in the UV--vis spectra that show a large jump in the absorbance at λ = 315 nm. Again, these transitions are completely reversible upon cooling with minimum hysteresis effects. It is interesting to note that the large effects in UV--vis and CD were not observed in the corresponding dipeptide polyisocyanide.^[@ref27]^ Apparently, the introduction of the second hydrogen bond in the polymer has a large effect on its molecular structure and rigidity and, as such, plays a very important role in gelation and thermal stability.

Conclusion {#sec3}
==========

In summary, we presented a thermal stable and well-defined helical polymer based on the β-helix polyisocyanotripeptide that mimics biological features of thermophilic proteins. This exceptional helical architecture is stabilized by a double hydrogen-bonding array between the amide groups, which plays a key role in the bundle formation, gelation, and thermal stability. Consequently, the TriPIC polymers have several significant and unusual characteristics. First, the hydrophobic core, which is constructed by the multiple hydrogen bonds, is partly shielded from water. The increased helical definition on heating the polymer in solution in an important design feature toward its thermal stability. Second, on heating aqueous TriPIC solution, the polymers assemble into bundled networks driven by hydrophobic interactions between the ethylene glycol tails. The formed gels show excellent thermal stability at temperatures as high as 80 °C. Third, the mechanical properties of TriPIC gels in both the linear and nonlinear regimes, including the storage modulus *G*′ and critical stress σ~c~, are readily tailored by the polymer concentration, their length, and by salts present in solution. In short, we have presented a truly synthetic polymer that is able to deal with excessive thermal energy using biological approaches such as hydrogen bonding and hydrophobic interactions, even without the changing of surface electrostatics which is a common natural strategy. This approach can be extended to design principles for future thermophilic proteins and synthetic polymers.

Experimental Section {#sec4}
====================

Materials and Instrumentation {#sec4-1}
-----------------------------

All chemicals were purchased from Sigma-Aldrich, Acros, or Alfa Aesar and used as received unless specially stated. Dichloromethane and chloroform were distilled over CaCl~2~. Tetrahydrofuran and toluene were distilled over sodium in the presence of benzophenone. ^1^H and ^13^C NMR spectra were recorded on a Varian Inova 400 or a Bruker Avance III 500 MHz. Rheology measurements were measured with stress-controlled and parallel-plate rheometer (Discovery HR-2, TA Instruments). AFM images were taken by a Nanoscope IV in tapping mode. The absorption spectra were taken on a JASCO V-630 UV--vis spectrophotometer, and the CD spectra were carried out on a JASCO J-810. Cryo-scanning electron microscopy (cryo-SEM) was performed on a JEOL 6330 cryo-scanning electron microscope. IR spectra were performed on a Bruker VERTEX 80v vacuum FT-IR spectrometer.

Synthesis of 3EG-[l]{.smallcaps}-Ala-[d]{.smallcaps}-Ala-[l]{.smallcaps}-Ala-Boc {#sec4-2}
--------------------------------------------------------------------------------

3EG-[l]{.smallcaps}-Ala-[d]{.smallcaps}-Ala-Boc (4.0 g, 9.84 mmol), as synthesized according to the literature,^[@ref27]^ was dissolved in 20 mL of HCl solution in ethyl acetate (2.3 mol/L) and stirred at rt for 2 h. After the Boc-protecting group was totally removed as monitored by TLC (3% of methanol in DCM as eluent), the solvent and the excess HCl were removed by rotary evaporator *invacuo*. The crude product was dissolved in 250 mL of distilled DCM, to which [l]{.smallcaps}-HO-Ala-Boc (1.9 g, 10 mmol) and hydroxybenzotriazole (1.4 g, 10 mmol) were added. *N*-Ethyldiisopropylamine (1.3 g, 10 mmol) was added slowly until the reaction mixture was basic and clear in appearance, and 1-\[3-(dimethylamino)propyl\]-3-ethylcarbodiimide hydrochloride (EDC.HCl) (1.9 g, 10 mmol) was added. The reaction mixture was stirred at rt overnight. The reaction mixture was washed successively with citric acid solution (6%, 100 mL), water (100 mL), saturated solution of sodium bicarbonate (100 mL), and water (100 mL × 2) and dried over sodium sulfate. The solvent was removed by rotary evaporation, and the crude product was purified by a silica column chromatography (2% of methanol in DCM as an eluent). The product was collected as a colorless oil, with a yield of 65%. Analysis: ^1^H NMR (500 MHz, CDCl~3~) δ 7.36 (d, *J* = 6.6 Hz, 1H), 7.22 (d, *J* = 5.5 Hz, 1H), 5.57 (d, *J* = 5.3 Hz, 1H), 4.53--4.40 (m, 2H), 4.22--4.03 (m, 3H), 3.60--3.56 (m, 2H), 3.55--3.50 (m, 6H), 3.46--3.42 (m, 2H), 3.26 (s, 3H), 1.32 (s, 9H), 1.31--1.23 (m, 9H). ^13^C NMR (125 MHz, CDCl~3~) δ 173.01, 172.57, 171.96, 155.46, 79.59, 71.77, 70.45, 70.42, 70.36, 68.77, 64.22, 58.81, 50.30, 48.48, 48.05, 28.23, 18.23, 17.89, 17.69. MS (ES^+^): *m*/*z* (%) = 500.1 \[M + Na\]^+^. HRMS (ES^+^): calcd for C~21~H~39~N~3~O~9~Na 500.2579, found 500.2585.

Synthesis of 3EG-[l]{.smallcaps}-Ala-[d]{.smallcaps}-Ala-[l]{.smallcaps}-Ala-For {#sec4-3}
--------------------------------------------------------------------------------

3EG-[l]{.smallcaps}-Ala-[d]{.smallcaps}-Ala-[l]{.smallcaps}-Ala-Boc (2 g, 4.94 mmol) was dissolved in 10 mL of HCl solution in ethyl acetate (2.3 mol/L) and stirred at rt for 2 h. After the Boc-protecting group was totally removed as monitored by TLC (3% of methanol in DCM as eluent), the solvent and the excess HCl were removed by rotary evaporator *in vacuo*. The crude product was mixed with 30 mL of ethyl formate, to which mixture sodium formate (1.34 g, 19.76 mmol) was added. The reaction was stirred under reflux overnight, after which it was cooled down to rt, and the solid was filtered off and washed thoroughly with CHCl~3~. The solvent was removed from the filtrate, and the crude product was purified with a silica column chromatography (3% of methanol in DCM as an eluent) to yield 3EG-[l]{.smallcaps}-Ala-[d]{.smallcaps}-Ala-[l]{.smallcaps}-Ala-For as a colorless solid, with a yield of 68%. Analysis: ^1^H NMR (δ ppm, CDCl~3~, 500 MHz): 8.18 (s, 1H), 7.04 (d, *J* = 7.1 Hz, 1H), 6.94 (d, *J* = 6.6 Hz, 1H), 6.65 (d, *J* = 4.4 Hz, 1H), 4.51--4.60 (m, 3H), 4.33--4.21 (m, 2H), 3.71--3.67 (m, 2H), 3.67--3.63 (m, 6H), 3.57--3.54 (m, 2H), 3.38 (s, 3H), 1.42 (d, *J* = 7.1 Hz, 6H), 1.38 (d, *J* = 7.0 Hz, 3H). ^13^C NMR (δ ppm, CDCl~3~, 125 MHz): 172.85, 172.38, 172.04, 161.59, 71.75, 70.43, 70.41, 70.35, 68.75, 64.29, 58.83, 48.75, 48.09, 47.85, 18.15, 18.01, 17.68. MS (ES^+^): *m*/*z* (%) = 428.3 \[M + Na\]^+^. HRMS (ES^+^): calcd for C~17~H~31~N~3~O~8~Na 428.2003, found 428.2009.

Synthesis of Monomer {#sec4-4}
--------------------

3EG-[l]{.smallcaps}-Ala-[d]{.smallcaps}-Ala-[l]{.smallcaps}-Ala-For (1,215.6 mg, 3.0 mmol) and *N*-methylmorpholine (NMM; 831 μL, 7.5 mmol) were dissolved in 300 mL of freshly distilled CH~2~Cl~2~ and cooled down to −40 °C (dry ice and acetone bath) under an argon atmosphere. A solution of diphosgene (185 μL, 1.5 mmol) in 40 mL of freshly distilled CH~2~Cl~2~ was added dropwise under argon over 1 h with the temperature kept at −40 °C. The reaction was quenched by adding sodium bicarbonate (5 g). The quenched mixture was stirred for 5 min at −40 °C. The reaction mixture was purified by the silica column (CH~2~Cl~2~/methanol, 2%), to yield monomer as a pale solid, with a yield of 80%. Analysis: ^1^H NMR (δ ppm, CDCl~3~, 500 MHz): 7.20 (d, 1H), 6.89 (d, 1H), 4.61 (m, 1H), 4.53 (m, 1H), 4.32 (m, 3H), 3.72 (m, 2H), 3.66 (s, 6H), 3.57 (m, 2H), 3.39 (s, 3H), 1.67 (d, *J* = 7.1 Hz, 3H), 1.44 (m, 6H). ^13^C NMR (δ ppm, CDCl~3~, 125 MHz): 172.39, 170.84, 166.30, 161.05, 71.88, 70.60, 70.54, 70.45, 68.93, 64.45, 58.96, 48.88, 48.35, 19.79, 18.13, 17.87. MS (ES^+^): *m*/*z* (%) = 410.2 \[M + Na\]^+^. HRMS (ES^+^): calcd for C~17~H~29~N~3~O~7~Na 410.1898, found 410.1901.

Synthesis of Polymer {#sec4-5}
--------------------

A fresh 1.0 mM catalyst stock solution was prepared by dissolving 18.3 mg of Ni(ClO~4~)~2~·6H~2~O (Sigma-Aldrich) in 5.0 mL of absolute ethanol, followed by a dilution with freshly distilled chloroform to a total volume of 50 mL. 300 mg of the monomer was dissolved in 6 mL of freshly distilled chloroform. The length of the polymers were controlled by different molar ratio of catalyst over monomer (500:1, 1,000:1, 2,000:1, 5000:1, 8000:1, 12000:1, 15000:1). The reaction mixture was stirred for 2--7 days at room temperature, and the isocyanide peak was monitored by ATR-FTIR. When the reaction was complete, the reaction mixture was precipitated in a large volume of diisopropyl ether for three times.

Characterizations of Polymer {#sec4-6}
----------------------------

The molecular weight (*M*~v~) of the polymer was measured by viscometry in acetonitrile at 25 °C, according to the Mark--Houwink equation, and the apparent polymer contour length (*L*) was calculated from the measured *M*~v~.^[@ref30]^ The polymer was observed by the atomic force microscopy (AFM) in the tapping mode. The solutions of polymers (CHCl~3~) were spin-coated onto the freshly cleaved Mica substrate.

Rheology {#sec4-7}
--------

To prepare the TriPIC hydrogels, 4.0 mg of polymers was dissolved in 1.0 mL of precooled Milli-Q water by stirring for 12 h at 4 °C, resulting in a 4.0 g L^--1^ transparent gel solution. Rheological measurements were performed on a stress-controlled rheometer (Discovery HR-2, TA Instruments), which was equipped with of parallel-plate geometry (40 mm diameter; aluminum) and temperature controller. In order to minimize sample evaporation at high temperature, an oil sealing was used. For the linear viscoelastic regime, all experiments were performed at a fixed frequency ω = 1 Hz and an oscillatory deformation of amplitude strain (4%). The gelation temperature values were determined by the onset of the increase of storage modulus *G*′. The nonlinear regime was studied by a prestress protocol.^[@ref33]^ In this case, the gels were subjected to a constant prestress (σ~0~) with a small oscillatory stress (σ \< 0.1 σ~0~) superposed upon it, at ω = 10--0.1 Hz and a desired temperature. The differential modulus *K*′ was defined as *K*′ = ∂σ/∂γ and plotted as a function of applied prestress at ω = 1 Hz.

Cryo-SEM {#sec4-8}
--------

All the apparatus used in this experiment were supposed to preheat at 70 °C, such as tweezers and cryo-SEM sample holder. The gel solutions were incubated at 70 °C for 3 min, and then the gelation samples were mounted onto a preheated holder and suddenly plunged into a freezing liquid nitrogen bath. In order to study the inside of the gel, the samples were fractured. SEM images were examined on a JEOL 6330 cryo-scanning electron microscope at an accelerating voltage of 3.0 kV.

Small-Angle X-ray Scattering (SAXS) {#sec4-9}
-----------------------------------

SAXS measurements and fitting of the SAXS curves were performed according to the literature procedure.^[@ref24]^ In order to prevent water evaporation at high temperature, the capillaries were melted.

Fourier Transform Infrared (FTIR) {#sec4-10}
---------------------------------

17.0 mg of totally dry TriPIC polymer was dissolved in 1.0 mL of fresh D~2~O by stirring for 24 h in a cold room at 4 °C under N~2~. IR transmission measurements were performed on a Bruker VERTEX 80v vacuum FT-IR spectrometer as a function of temperature at a resolution of 2 cm^--1^. The cell temperature was stabilized for at least 3 min before the spectra were taken, and a minimum of 50 scans were averaged. As a background, the spectrum of pure D~2~O was performed.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.macromol.7b01832](http://pubs.acs.org/doi/abs/10.1021/acs.macromol.7b01832).Chemical characterizations (^1^H and ^13^C NMR spectra of the monomer and intermediates), AFM images and analysis of TriPIC-a-g, additional FTIR and rheology experimental results ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01832/suppl_file/ma7b01832_si_001.pdf))
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